Background {#Sec1}
==========

Type 2 diabetes (T2D) is a metabolic dysfunction characterized by hyperglycemia resulting from insulin resistant and β-cell dysfunction. T2D affected 382 million people globally in 2013, and it is estimated to rise up to 592 million by 2035 \[[@CR1]\]. The current therapy of T2D aims to control hyperglycemia within normal level (between 4.4 to 7.2 mmol/L) and prevent the progression of its related complications \[[@CR2]\]. Strategies to control T2D can be achieved by use of oral agents that acts with different mechanisms such as insulin secretagogues and sensitizers \[[@CR3]\], inhibitors of dipeptidyl peptidase IV (DPP-IV) \[[@CR4]\], α-glucosidase \[[@CR5]\], SGLT2 \[[@CR6]\], and glycogen phosphorylase α (GP-α). Monotherapy or combination treatments with oral agents improve management of hyperglycemia in the early stage of therapy, but fail to reach target glycemic control in long-term \[[@CR7]--[@CR9]\]. Other ways of controlling T2D is pancreas and islet transplantation. The evidence showed that the function of β-cell is progressively declined after a few years of islet transplantation. As a result, most diabetic patients have to revert to oral anti-diabetic agents and insulin treatment, or a combination of both within a few years \[[@CR10]\].

Several studies reported that oxidative stress has a direct link to the pathogens of diabetes that lead to insulin resistant, β-cell dysfunction, and impaired glucose tolerance in hyperglycemic subjects \[[@CR11], [@CR12]\]. It is also directly linked to protein damage and diabetic vascular complications such as cardiomyopathy, retinopathy, nephropathy, and neuropathy \[[@CR13], [@CR14]\]. Among them, diabetic cardiomyopathy was found to be associated with increased accumulation of ROS in T2D \[[@CR15]\]. It was also reported that oxidative stress is involved in cytokine-mediated inflammation in T2D \[[@CR16]\]. Therefore, potential therapeutic agents that improve the efficiency in controlling T2D and retard its related complications are urgently needed.

The genus Brucea consisting of six species is a member of the Simaroubaceae family and believed to have originated in tropical Africa and tropical Asia. It is a dominant species in this genus, and most commonly found in Malaya Peninsula \[[@CR17]\]. The compounds isolated from this species showed wide spectrum of biological effects \[[@CR18]\] and gained increasing interest for further study. Bruceine D and E, isolated from *B. javanica* seeds, exhibited blood glucose lowering effect in both nondiabetic mice and STZ-induced diabetic rats at lower dose (1 mg/kg b.w.) during 0-8 h screening \[[@CR19]\]. However, chemical entities responsible for potential inhibitory effect of this plant against GP-α and α-glucosidase enzymes are yet to be identified. Therefore, this study reports the effect of fractions from *B. javanica* seed extracts for GP-α and α-glucosidase inhibition to select the most potent inhibitor and evaluates antihyperglycemic, anti-inflammatory, and antioxidant activities of active fraction in T2D rats.

Methods {#Sec2}
=======

Chemicals {#Sec3}
---------

Nicotinamide (NA), streptozotocin (STZ), p-nitrophenyl α-D-glucopyranoside (*p*NPG), and α-glucosidase were purchased from Sigma-Aldrich®, St. Louis, MO, USA. Rat TNF-α, rat IL-6, and rat IL-1β ELISA kits were purchased from eBioscience (San Diego, CA USA). Rat insulin ELISA kit was purchased from Mercodia AB (Uppsala, Sweden). TBARS, Glutathione, and Glycogen assay kits were purchased from Cayman chemical company (Ann Arbor, MI, USA). All of the other chemicals are analytical grade purchased from Sigma and Merck Chemical Co.

Sample collection, extraction and fractionation {#Sec4}
-----------------------------------------------

The seeds of wild grown *B. javanica* were collected from Bukit Tampin Reserved Forest (2.495 N, 102.201E), Tampin, Negeri Sembilan, Malaysia, during the month of November. Botanical identification of the sample was performed by comparing with a voucher specimen available in the University of Malaya botanical garden and it was further confirmed by Teo Leong Eng from Department of Chemistry, Faculty of Science, University of Malaya. A voucher specimen (KL5794) was kept at the herbarium, faculty of Science, University of Malaya. The seeds were dried in an oven and grinded. The powdered *B. javanica* seed was extracted with 95% ethanol and partitioned with solvents of different polarities as described previously \[[@CR20]\].

GP-α and α-glucosidase inhibition assay {#Sec5}
---------------------------------------

The fractions from *B. javanica* seeds were evaluated as GP-α inhibitors \[[@CR20]\] and were further tested for their α-glucosidase inhibitory activity as described previously \[[@CR21]\]. Briefly, 50 μL of samples or standard were mixed with 100 μL of α-glucosidase (0.1 U/mL) in phosphate buffer (0.1 M, pH 6.9) and incubated at 37 °C for 10 min. The reactions were initiated by addition of *p*-Nitrophenyl α-D-Glucoside (*p-*NPG, 50 μL) in phosphate buffer (0.1 M, pH 6.9) and incubated again at 37 °C for 30 min. The reactions were terminated using NaCO~3~ (1 M, 50 μL). The *p-*nitrophenol released from *p-*NPG in the presence of α-glucosidase was detected at 405 nm using microplate reader (Sunrise, Austria). Phosphate buffer (50 μL) was used as control. Blank readings (without substrate) were subtracted from specific sample wells and the percentage of α-Glucosidase inhibition (αGI) was calculated as following formula: αGI (%) = \[(A~control~ -- A~sample~)/A~control~\] × 100 \[[@CR22]\].

Isolation and structure determination {#Sec6}
-------------------------------------

### Column chromatography {#Sec7}

The EAF (7.6 g) was loaded onto a column packed with silica gel (0.40-0.63 μM, Merck Germany). Gradient elution was performed using *n*-hexane and DCM (90:10--0:100) followed by DCM and MeOH (100:0--70:30) as mobile phase. All fractions were concentrated, monitored by TLC, and visualized under UV light. Total 91 fractions were collected and the fractions with similar R~f~ values were pooled together to afford twelve fractions (F1-F12). F1 appeared as white crystals which showed a single spot on TLC and yield compound 1 (12 mg). F7 and F9 identified as light yellow powder to yield compound 2 (45 mg) and 3 (56 mg). F3 was subjected to Sephadex LH20 column, eluted with DCM and MeOH (65:35 -- 55:45) to get 40 fractions. Fractions 29--35 were combined and dried to get compound 4 (199 mg). Sephadex LH20 column of F5, eluted with DCM and MeOH (65:35 -- 45:55), yielded 35 fractions. Fractions 22--27 were combined to get compound 5 (9 mg). F6 was fractionated in the same fashion as above to afford 36 fractions. Fraction 27 showed a single spot on TLC and dried to yield compound 6 (53.8 mg). Sephadex LH20 column of F8 using DCM and MeOH (60:40 -- 20:80) yielded 50 fractions. Upon drying, fraction 20 gave rise to crystals showing single spot on TLC and designated as compound 7 (7.6 mg).

### Nuclear magnetic resonance (NMR) {#Sec8}

1D- (^1^H, ^13^C & DEPT) and 2D-NMR (COSY, HSQC, HMBC, NOESY) spectra were recorded in deuterated pyridine (C~5~D~5~N) and deuterated methanol (CD~3~OD) using Bruker Avance III 400 NMR spectrometer. Chemical shifts (δ) were expressed in ppm and coupling constants (*J*) were given in Hz.

### HPLC-MS analysis {#Sec9}

The HPLC-MS system consisted of an Agilent 6530 Q-TOF MS equipped with Dual AJS ESI as the ion source and coupled to an Agilent 1200 HPLC system. The HPLC system was equipped with a binary pump, an auto plate-sampler, and a thermostatically controlled column compartment. Chromatographic separation was carried out using an Agilent Zorbax Eclipse Plus C18 column Rapid Resolution HT (2.1 × 1 mm, 1.8 μm). The mobile phase (solvent A, 0.1% formic acid in water; solvent B, 0.1% formic acid in ACN) was eluted at a flow rate of 0.5 mL/min. The elution was gradient (0 min, 90% A, 1 min, 90% A, 20 min, 50% A, 24 min, 50% A, 25 min, 90% A, 30 min, 90% A). The total run time was 30 min, and the injection volume was 10 μL.

Determination of GP-α and α-glucosidase inhibition activities of isolated compounds {#Sec10}
-----------------------------------------------------------------------------------

α-glucosidase inhibition activity of isolated compounds were determined according to the method described in section 2.3 and GP-α inhibition activity was measured according to our previously reported method \[[@CR20]\].

In vivo anti-diabetic activity {#Sec11}
------------------------------

### Experimental animals {#Sec12}

Sprague Dawley (SD) rats of both sexes were obtained from Animal Experimental Unit of the University of Malaya where they were bred and housed according to Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (USA). The animal protocol performed in this study was approved by the Institutional Animal Care and Use Committee at the University of Malaya. Ethic No: ISB/23/05/2013/AA (R).

Total 30 SD rats (eight-week-old, 200--230 g) were dived into 5 groups (*n* = 6, 3 male and 3 female in each group) and were housed in cages under standard laboratory conditions with a12-h dark--light cycle and humidity-controlled environment with a room temperature of 22 ± 3 °C and relative humidity of 65 ± 5%. The rats were allowed access to Laboratory Rodent Chow and drinking water ad libitum and were received human care according to the guidelines.

### Induction of type 2 diabetes (T2D) {#Sec13}

The experimental rats were fasted overnight (16 h) and diabetes was induced by single intraperitoneal (i.p) injection of STZ (60 mg/kg b.w.) freshly prepared in 0.1 M citrate buffer (pH 4.5) 15 min after i.p injection of NA (100 mg/kg b.w.) dissolved in normal saline. Diabetes was confirmed 3 weeks after NA-STZ induction by measuring tail vein blood glucose levels using glucose meter (Accu-check Performa, Rochi diagnostic, USA). The rats having blood glucose levels higher than 11 mmol/L were considered as diabetic and selected for study \[[@CR23]\].

### Treatment protocol {#Sec14}

The experimental rats were divided into 5 groups (*n* = 6; 3 M/3 F) as following. Group I: non-diabetic control (NDC) and Group II: diabetic control (DC) consisted of rats were allowed to free access of water; Group III and IV were treated orally with EAF (25 and 50 mg/kg/day b.w.) diluted in distilled water, Group V was treated orally with Glibenclamide (10 mg/kg/day b.w.) and served as standard drug. All groups except group 1 are diabetic. The selected doses (25 and 50 mg/kg/day b.w) were based on prior acute oral toxicity study \[[@CR20]\].

### Determination of fasting blood glucose levels and body weights {#Sec15}

After diabetes was confirmed, rats were divided into specific groups which were mentioned in the section of treatment protocol above. Fasting blood glucose (FBG) levels and body weight of rats were measured and it was considered as 0 day. The extracts and standard drug were administered orally on a daily base in single dose for 28 days. At the end of each week, animals were fasted overnight and body weights were recorded using electronic balance. Blood samples were obtained from the tail vein of the rats by Accu-Chek FastClix lancing device and blood glucose levels were analysed using glucose meter (Accu-check, Roche Diagnostics, USA).

### Oral glucose tolerance test (OGTT) in experimental rats {#Sec16}

On the 25^th^ day of treatment, the OGTT was carried out according to the previously reported method \[[@CR20]\]. All animals were fasted overnight (16 h) before commencing the experiments. Group I (non-diabetic control) and Group II (diabetic control) weretreated with distilled water, Group III and Group IV were given EAF (25 and 50 mg/kg b.w), and Group V was given glibenclamide (10 mg/kg b.w.) using oral gavage, respectively. After 30 min, α-D-glucose (2 g/kg b.w.) was administered orally into all groups of rats. Blood samples were collected from the tail vein at 0 (immediately after glucose load), 30, 60, 90, and 120 min, and blood glucose levels were determined by glucose oxidase method using a commercial glucose meter (Roche, USA). Total glycemic responses to OGTT were calculated from respective areas under the curve for glucose (*AUC* ~glucose~) by trapezoid rule for the 120 min.$$\documentclass[12pt]{minimal}
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Where, C~1~ and C~2~ are concentrations of glucose at different time points; t~1~ and t~2~ are different tested time points.

### Collection of serum and tissue samples {#Sec17}

At the end of study period, rats were fasted overnight, anesthetized, and the blood sample was collected by cardiac puncture. At the end, the rats were sacrificed by cervical dislocation. The blood sample was centrifuged 2000 x g for 15 minute at 4 °C, serum was collected and stored at −80 °C until analyses. The liver was carefully removed, washed in ice-cold phosphate buffered saline (PBS, pH 7.4) to remove the blood. A piece of liver sample was rinsed in liquid nitrogen, stored at −80 °C for glycogen assay.

### Determination of serum insulin levels {#Sec18}

The serum insulin levels were quantified by using rat insulin ELISA kit (Mercodia AB, Uppsala, Sweden) according to the manufacturer's instructions. Insulin resistance (IR) was calculated according to the homeostasis model assessment by using the following equation \[[@CR24]\]$$\documentclass[12pt]{minimal}
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### Measurement of serum lipid profiles, renal, and liver functions {#Sec19}

The levels of serum total cholesterol (TC), triglycerides (TG), low density lipoprotein cholesterol (LDL-C), and high density lipoprotein cholesterol (HDL-C), total protein, alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), urea, creatinine were analyzed using automatic biochemical analyzer (Beckman-700, Fullerton, CA, USA)

### Determination of MDA and GSH levels in the serum {#Sec20}

The malondialdehyde (MDA), a byproduct of lipid peroxidation, and glutathione (GSH), a marker of antioxidant defense, were quantified by commercial kit (Cayman chemical company, Ann Arbor, MI, USA) according to the manufacturer's instructions.

### Determination of serum cytokine levels {#Sec21}

The quantification of cytokine in the serum was assessed by enzyme-linked immunosorbent assay (ELISA) using commercial kits for rat TNF-α, rat IL-6, and rat IL-1β (eBioscience, San Diego, CA USA) according to the manufacturer's instructions.

### Measurement of liver glycogen contents {#Sec22}

The glycogen contents in the liver were measured using a glycogen assay kit (Ann Arbor, MI, USA) according to the manufacturer's instructions.

### Statistical analysis {#Sec23}

The results are expressed as mean ± standard error (M ± SE) for six rats in each group. Statistical analysis was performed using SPSS (16.0) software. The differences between treated and untreated groups were assessed by analysis of variance (ANOVA), followed by Tukey's multiple comparison test. Statistical significance was defined as *p* \< 0.05.

Results {#Sec24}
=======

GP-α and α-glucosidase inhibition activity {#Sec25}
------------------------------------------

GP-α inhibitory EAF fraction \[[@CR20]\] showed the best inhibition of α-glucosidase compared to other fractions. As shown in Fig. [1](#Fig1){ref-type="fig"}, the EAF had the strongest α-glucosidase inhibition effect with IC~50~ value of 483.93 μg/ml, whereas HF, ChF, and WF showed maximal inhibition of 17.07%, 9.89%, and 2.53% at the highest concentration tested, respectively. In comparison, standard drug acarbose inhibited α-glucosidase activity (IC~50~ = 118.73 μg/ml) and its potency was 4-fold higher than that of EAF, respectively.Fig. 1α-glucosidase inhibition by *B. javanica* seed fractions. HF: hexane fraction; CHF: chloroform fraction; EAF: ethyl acetate fraction; WF, water fraction. The values are shown in mean ± SE (*n* = 3)

Characterization of isolated compounds from EAF by LCMS and NMR {#Sec26}
---------------------------------------------------------------

Phytochemical investigation of the bioactive fraction (EAF) led to the isolation of seven compounds namely, vanillic acid, bruceine D, bruceine E, para-hydroxybenzoic acid, luteolin, protocatechuic acid and gallic acid (Fig. [2](#Fig2){ref-type="fig"}). Among them, bruceine D, bruceine E, and para-hydroxybenzoic acid were identified as the major constituents of EAF. The structures of the isolated compounds were identified by a combination of mass spectrometry and extensive 1D and 2D NMR experiments. It was further confirmed by comparison of their spectroscopic data with those reported in the literature.Fig. 2The structure of isolated compounds from EAF of *B. javanica* seeds

### Vanillic acid (1) {#Sec27}

Compound 1 was isolated as colorless needle. Its molecular formula of C~8~H~8~O~4~ was determined by HRESIMS ion peak at *m/z* 167.09 \[M-H\]^−^ (calcd for C~8~H~7~O~4~, 167.03). ^1^H NMR (400 MHz, CD~3~OD): *δ* 3.91 (3H, *s*, OCH~3~-8), 4.90 (1H*, brs*, H-4), 6.85 (1H, *d*, H-5), 7.57 (1H*, brs*, H-2), 7.57 (1H*, brs*, H-6). ^13^C NMR (100 MHz, CD~3~OD): *δ* 55.0 (C-8), 112.4 (C-2), 114.4 (C-5), 121.7 (C-1), 123.9 (C-6), 147.3 (C-3), 151.3 (C-4), 168.8 (C-7).

### Bruceine D (2) {#Sec28}

Compound 2 was isolated as white amorphous powder. Its molecular formula was determined to be C~20~H~26~O~9~ on the base of its HRESIMS ion peak at *m/z* 411.3018 \[M + H\]^+^ (calcd for C~20~H~27~O~9~, 411.1655). See Table [1](#Tab1){ref-type="table"} for ^1^H NMR (400 MHz, CD~3~OD) and ^13^C NMR (100 MHz, CD~3~OD).Table 1^1^H (400 MHz) and ^13^C (100 MHz) NMR data of bruceine D in CD~3~ODPositionBruceine DBruceine Eδ~H~δ~C~δ~H~δ~C~14.26 (1H, *s*)81.63.54 (1H, *d* 7.3)81.42-198.54.01 (1H, *dd* 1.3, 7.3)72.836.05 (1H, *s*)123.85.41 (1H, *d* 1.3)123.84-164.3-135.352.96 (1H, *d*)43.02.42 (1H, *d* 12.8)42.462.38 (1H, *dt*), 1.85 (1H, *td*)27.32.17 (1H, *dt* 2.8,), 1.70 (1H, *td*)27.275.12 (1H, *t*)79.85.08 (1H, *t* 2.7)80.68-49.3-49.692.42 (1H, *d*)44.82.08 (1H, *d* 4.2)45.910-44.8-44.0114.60 (1H, *d*)74.14.60 (1H, *d* 4.4)74.4123.78 (1H, *brs*)80.03.76 (1H, *brs*)79.813-83.6-83.414-81.0-81.0155.24 (1H, *s*)69.35.15 (1H, *s*)69.216-174.9-175.0181.99 (3H, *s*)21.21.67 (3H, *s*)19.7191.19 (3H, *s*)10.11.24 3H, *s*)10.8204.54 (1H, *d*), 3.84 (1H, *d*)69.04.63 (1H, *d* 7.3), 3.83 (1H, *d* 7.3)69.4211.44 (3H, *s*)17.11.43 (3H, *s*)17.0Chemical shifts are in ppm. Coupling constants in the parentheses are in Hz

### Bruceine E (3) {#Sec29}

Compound 3, a white, amorphous powder, gave a molecular of C~20~H~28~O~9~ as determined by HRESIMS ion peak at *m/z* 435.3028 \[M + Na\]^+^ (calcd for C~20~H~28~O~9~Na, 435.1631). See Table [1](#Tab1){ref-type="table"} for ^1^H NMR (400 MHz, CD~3~OD) and ^13^C NMR (100 MHz, CD~3~OD).

### Para-hydroxybenzoic acid (4) {#Sec30}

Compound 4, a white, amorphous powder, gave a molecular of C~7~H~6~O~3~ as determined by HRESIMS ion peak at m/z 137.00 \[M-H\]^−^ (calcd for C~7~H~5~O~3~, 137.02). ^1^H NMR (400 MHz, CD~3~OD): *δ* 7.90 (2H*, d*, *J* = 14 Hz, H-2, H-6), 6.83 (2H, *d*, *J* = 14 Hz, H-3, H-5). ^13^C NMR (100 MHz, CD~3~OD): *δ* 114.6 (C-3, C-5), 121.3 (C-1), 131.6 (C-2, C-6), 162.0 (C-4), 168.7 (C-7).

### Luteolin (5) {#Sec31}

Compound 5 was isolated as a yellow, amorphous powder. Its molecular formula was determined to be C~15~H~10~O~6~ on the base of its HRESIMS ion peak at *m/z* 285.10 \[M-H\]^−^ (calcd for C~15~H~9~O~6~, 285.04). ^1^H NMR (400 MHz, CD~3~OD): *δ* 6.23 (1H*, s*, H-6), 6.46 (1H, *s*, H-8), 6.56 (1H, *s*, H-3), 6.92 (1H*, d*, *J* = 8.4 Hz, H-5′), 7.39 (1H*, s*, H-2′), 7.40 (1H*, d*, *J* = 8.4 Hz, H-6′). ^13^C NMR (100 MHz, CD~3~OD): *δ* 93.6 (C-8), 98.7 (C-6), 102.5 (C-3), 103.9 (C-10), 112.8 (C-2′), 115.4 (C-5′), 118.9 (C-6′), 122.3 (C-1′), 145.6 (C-3′), 149.6 (C-4′), 158.0 (C-5), 161.8 (C-9), 164.4 (C-2), 165.0 (C-7), 182.5 (C-4).

### Protocatechuic acid (6) {#Sec32}

Compound 6, a white, amorphous powder, gave a molecular of C~7~H~6~O~4~ as determined by HRESIMS ion peak at *m/z* 153.00 \[M-H\]^−^ (calcd for C~7~H~5~O~4~, 153.01). ^1^H NMR (400 MHz, CD~3~OD): *δ* 6.82 (1H*, d*, *J* = 8.2 Hz, H-5), 7.45 (1H, *dd*, *J* = 14 Hz, 2.0 Hz, H-6).7.46 (1H*, d*, *J* = 2.0 Hz, H-2), ^13^C NMR (100 MHz, CD~3~OD): *δ* 114.4 (C-5), 116.3 (C-2), 121.7 (C-1), 122.5 (C-6), 144.7 (C-), 150.1 (C-, 168.9 (C-7).

### Gallic acid (7) {#Sec33}

Compound 7 was isolated as colorless needle. Its molecular formula of C~7~H~6~O~5~ was determined by HRESIMS ion peak at *m/z* 169.07 \[M-H\]^−^ (calcd for C~7~H~5~O~5~, 169.01). ^1^H NMR (400 MHz, C~5~D~5~N): *δ* 8.08 (2H*, s*, H-2, H-6), ^13^C NMR (100 MHz, C~5~D~5~N): *δ* 110.3 (C-2, C-6), 122.7 (C-1), 140.3 (C-4), 147.4 (C-3, C-5), 169.4 (C-7).

### GP-α and α-glucosidase inhibition activity of isolated compounds {#Sec34}

The isolated compounds from *B. javanica* seeds were tested for α-glucosidase and GP-α inhibition activity in vitro and results are summarized in Table [2](#Tab2){ref-type="table"}. Compound 5 was found to be the most potent inhibitor of GP-α and α-glucosidase, and its GP-α activity (IC~50~ = 45.08 μM) was 10 times more potent than that of standard GP-α inhibitor caffeine (IC~50~ = 457.34 μM), and its α-glucosidase inhibitory activity (IC~50~ = 26.41 μM) was 5.5 times more potent than that of acarbose (IC~50~ = 145.83 μM). Compounds 4, 6, and 7 are phenolic derivatives of benzoic acid. Interestingly, it can be observed that the increased number of hydroxyl substituent on the skeleton of benzoic acid significantly increased potency of those compounds against GP-α and α-glucosidase. Compound 1, which is a direct structural analogue of para-hydroxybenzoic acid (4) without the methoxy group, showed little to no inhibition (22.91%) of GP-α at 12 mM, and did not inhibit α-glucosidase at the concentrations tested up to 6 mM, suggested that the methoxy functionality in compound 1 was influential on its biological activity. Compounds 2 and 3 exhibited very weak inhibitory activity against both GP-α (19.88% and 32.74%) at 5 mM and α-glucosidase (14.74% and 16.14%) at 2.5 mM.Table 2GP-α and α-glucosidase inhibition activities of isolated compounds from *B. javanica* seedsCompoundsGlycogen phosphorylase α (IC~50~ = μM)α-glucosidase(IC~50~ = μM)Vanillic AcidND^1^ND^1^Bruceine DND^2^ND^2^Bruceine END^2^ND^2^Para-hydroxybenzoic acid357.88 ± 0.07649.07 ± 0.29Luteolin45.08 ± 0.0426.41 ± 0.04Protocatechuic acid297.37 ± 0.13368.74 ± 0.13Gallic acid214.38 ± 0.12277.04 ± 0.12Acarbose-145.83 ± 0.03Caffeine457.34 ± 0.05-^1^ND: IC~50~ values were not determined at the concentrations below 6 mM (α-glucosidase) and 12 mM (GP-α)^2^ND IC~50~ values were not determined at the concentrations below 2.5 mM (α-glucosidase) and 5 mM (GP-α)

Effect of EAF in type 2 diabetic rats {#Sec35}
-------------------------------------

### Effect of EAF on fasting blood glucose levels {#Sec36}

Antihyperglycemic activity of EA fraction from *B. javanica* seeds was evaluated on T2D rat model. As Table [3](#Tab3){ref-type="table"} show, FBG levels was significantly (*p* \< 0.05) elevated in DC group compared to non-diabetic control group. Treatment with EAF (25 and 50 mg/kg b.w.) and GLI (10 mg/kg b.w.) in T2D rats, once a day for 28 days, caused significant reductions in FBG levels compared to initial day. The reduction of FBG levels for EAF (25 and 50 mg/kg b.w.) and GLI (10 mg/kg b.w.) treated T2D rats were 29.78, 44.77, and 45.44%, respectively, compared to initial day of the respective groups. There was no significant difference for FBG levels in NDC rats throughout the experimental period.Table 3Effects of EAF from *B. javanica* seeds on fasting blood glucose levels in T2D ratsGroupsFasting blood glucose level (mmol/L)0 DayDay 7Day 14Day 21Day 28NDC4.38 ± 0.284.47 ± 0.384.28 ± 0.234.23 ± 0.104.17 ± 0.12DC12.83 ± 0.9513.95 ± 0.7716.22 ± 1.1919.33 ± 1.4522.25 ± 1.97^a^D + EAF2513.43 ± 1.0113.25 ± 1.0912.13 ± 1.7110.98 ± 1.569.43 ± 1.12^a^D + EAF5014.25 ± 0.9312.65 ± 0.6711.02 ± 0.598.82 ± 0.677.87 ± 1.15^a^D + GLI16.90 ± 1.6317.63 ± 2.1312.97 ± 0.7211.83 ± 1.279.22 ± 0.65^a^The results are expressed as mean ± SE (*n* = 6). *NDC* non-diabetic control, *DC* diabetic control, *D + EAF25* diabetic rats treated with ethyl acetate fraction 25 mg/kg b.w., *D + EAF50* diabetic rats treated with ethyl acetate fraction 50 mg/kg b.w., *D + GLI* diabetic rats treated with glibenclamide 10 mg/kg b.w. The results are considered significant when *p* \< 0.05^**a**^Compared with 0 day

### Effect of EAF on body weights {#Sec37}

The effect of EAF from *B. javanica* seeds and GLI on body weight in experimental rats was summarized in Table [4](#Tab4){ref-type="table"}. During the four-week study period, rats in NDC group continued to gain weight by 33.26%, whereas DC group continuously loss weight (18.91%) due to STZ toxicity compared to the initial day. Treatment with EAF and GLI prevented weight loss in diabetic rats and there was no significant decrease in the body weight of animals after four weeks of treatment when compared with 0 day.Table 4Effects of EAF from *B. javanica* seeds on body weights in T2D ratsGroupsBody Weight (g)0 DayDay 7Day 14Day 21Day 28NDC214.00 ± 10.78236.83 ± 7.44259.50 ± 7.67272.17 ± 8.68285.17 ± 8.81^a^DC232.67 ± 7.37220.83 ± 7.64215.33 ± 7.21197.17 ± 9.70188.67 ± 7.54^a^D + EAF25215.00 ± 9.86207.00 ± 10.17203.67 ± 10.43198.17 ± 10.80201.00 ± 9.86D + EAF50222.83 ± 10.88218.83 ± 12.36216.83 ± 12.73216.67 ± 12.48217.83 ± 12.00D + GLI211.00 ± 6.19203.50 ± 8.90205.83 ± 7.31206.00 ± 6.64209.33 ± 7.91The results are expressed as mean ± SE (*n* = 6). *NDC* non-diabetic control, *DC* diabetic control, *D + EAF25* diabetic rats treated with ethyl acetate fraction 25 mg/kg b.w., *D + EAF50* diabetic rats treated with ethyl acetate fraction 50 mg/kg b.w., *D + GLI* diabetic rats treated with glibenclamide 10 mg/kg b.w. The results are considered significant when *p* \< 0.05^**a**^Compared with 0 day

### Effects of EAF on OGTT {#Sec38}

Results in Fig. [3](#Fig3){ref-type="fig"} (a and b) show the effect of EAF on T2D rat during OGTT. Blood glucose in all groups were elevated at 30 min time point post glucose load, and then gradually declined following hours. At 120 min, blood glucose levels were significantly (*p* \<0.05) reduced to 30.26%, 32.46%, and 29.97% after treated with EAF (25 and 50 mg/kg) and GLI when compared to the values at 30 min (Fig. [3a](#Fig3){ref-type="fig"}). Further estimation of AUC for glucose at 0 to 120 min showed that degrease of glucose concentration was 32.82%, 43.54%, and 57.42% for EAF (25 and 50 mg/kg) and GLI groups, respectively when compared to DC group (Fig. [3b](#Fig3){ref-type="fig"}).Fig. 3**a** Effects of EAF and GLI on oral glucose tolerance in experimental rats. NDC: non-diabetic control; DC: diabetic control, D + EAF25: diabetic rats treated with ethyl acetate fraction 25 mg/kg b.w.; D + EAF50: diabetic rats treated with ethyl acetate fraction 50 mg/kg b.w.; D + GLI: diabetic rats treated with glibenclamide 10 mg/kg b.w. The results represent the mean ± SE for 6 rats in each group. **b** Area under curve for glucose (*AUC* ~glucose~) values for 0--120 min after glucose load. NDC: non-diabetic control; DC: diabetic control, D + EAF25: diabetic rats treated with ethyl acetate fraction 25 mg/kg b.w.; D + EAF50: diabetic rats treated with ethyl acetate fraction 50 mg/kg b.w.; D + GLI: diabetic rats treated with glibenclamide 10 mg/kg b.w. The results represent the mean ± SE for 6 rats in each group

### Effects of EAF on serum insulin levels {#Sec39}

As shown in Fig. [4](#Fig4){ref-type="fig"}, serum insulin level was decreased significantly (*p* \< 0.05) in the diabetic control group compared to non-diabetic control group. Treatment with EAF at 50 mg/kg dose exhibited significant (*p* \< 0.05) increase of serum insulin by 23.7% compared to diabetic control group. Treatment with EAF at 25 mg/kg dose and GLI increased serum insulin levels by 10% and 16.5% respectively, and no significant (*p* \> 0.05) changes in the serum insulin levels were observed in these groups compared to diabetic control group. Finally, EAF treatment at 50 mg/kg dose exhibited slight higher activity than that of glibenclamide. In addition, HOMA-IR levels in EAF treated groups were significantly improved by 53.0% and 57.1% compared to the diabetic control group (Fig. [5](#Fig5){ref-type="fig"}).Fig. 4Effects of EAF on serum insulin in T2D rats. NDC: non-diabetic control; DC: diabetic control, D + EAF25: diabetic rats treated with ethyl acetate fraction 25 mg/kg b.w.; D + EAF50: diabetic rats treated with ethyl acetate fraction 50 mg/kg b.w.; D + GLI: diabetic rats treated with glibenclamide 10 mg/kg b.w. The results represent the mean ± SE for 6 rats in each group. Conversion factor: insulin (1 μg =174 pmol). \* compared with NDC group. \#compared with DC group Fig. 5Effects of EAF on HOMA-IR index. NDC: non-diabetic control; DC: diabetic control, D + EAF25: diabetic rats treated with ethyl acetate fraction 25 mg/kg b.w.; D + EAF50: diabetic rats treated with ethyl acetate fraction 50 mg/kg b.w.; D + GLI: diabetic rats treated with glibenclamide 10 mg/kg b.w. The results represent the mean ± SE (*n* = 6). \*Compared with DC

### Effects of EAF on serum lipid profiles {#Sec40}

As shown in Table [5](#Tab5){ref-type="table"}, diabetic rats have shown a significant elevation in TG (51.6%), TC (22.6%), and LDL (40.2%), with a significant decrease in HDL (65.7%) when compared with NDC group. Treatment with EAF to diabetic rats at the dose of 25 mg/kg for 4 weeks significantly reduced serum TG, TC, and LDL levels by 47.31%, 48.39%, and 49.43%, while treated with EAF at the dose of 50 mg/kg, there was significant reduction of serum TG (48.39%), TC (47.10%), and LDL (55.17%) levels respectively as compared with DC group. However, EAF (25 and 50 mg/kg) exhibited significant low TC levels, where values of TC was 33.33% and 31.67% lower than NDC group, respectively. Additionally, serum HDL level was attenuated significantly (*p* \< 0.05) in DC rats, and it was restored near to normal levels (NDC) after treated with EAF (50 mg/kg). Treatment with EAF at the dose of 25 mg/kg increased HDL level, but unable to normalize it (*p* \> 0.05) when compared with NDC group. By comparison, GLI improved serum lipid profiles in diabetic rats, and there was no significant (*p* \> 0.05) changes in serum TG, TC, HDL, and LDL levels when compared with NDC group.Table 5Effects of EAF from *B. javanica* seeds on serum lipid profiles in T2D ratsGroupsSerum lipid profiles (mmol/L)TGTCHDLLDLNondiabetic Control0.45 ± 0.071.20 ± 0.081.37 ± 0.020.52 ± 0.03Diabetic Control0.93 ± 0.21^a^1.55 ± 0.08^a^0.47 ± 0.06^\*^0.87 ± 0.15^a^Diabetic + EAF (25 mg/kg)0.49 ± 0.01^b^0.80 ± 0.09^c^1.12 ± 0.05^\*a^0.44 ± 0.04^a^Diabetic + EAF (50 mg/kg)0.48 ± 0.04^b^0.82 ± 0.06^c^1.22 ± 0.04^a^0.39 ± 0.03^a^Diabetic + Glibenclamide (10 mg/kg)0.52 ± 0.09^b^1.12 ± 0.05^c^1.31 ± 0.08^a^0.59 ± 0.04^a^*TG* triglyceride, *TC* total cholesterol, *HDL* high-density lipoprotein, *LDL* low-density lipoprotein. The results are presented the mean ± SE for 6 rats in each group^a^Compared with NDC, ^b^ Compared with DC, ^c^ Compared with DC and NDC

### Effects of EAF on renal and liver functions {#Sec41}

As Table [6](#Tab6){ref-type="table"} shows, liver enzymes (ALP, ALT, and AST) and urea were increased significantly (*p* \< 0.05) in DC group compared to the NDC group. Treatment with EAF (50 mg/kg) and GLI significantly reversed these alterations and there were no significant difference in the levels of liver enzymes and urea when compared with NDC group. Treatment with EAF (25 mg/kg) did not reduce ALT level to normal when compared with NDC group. The creatinine levels were not significantly (*p* \> 0.05) altered in STZ (DC), EAF, and as well as GLI treated groups in comparison with NDC group.Table 6Effects of EAF from *B. javanica* seeds on liver and renal function markers in T2D ratsGroupsALP(U/L)ALT (U/L)AST (U/L)Urea (mmol/L)Creatinine (μmol/L)NDC141.33 ± 16.1145.50 ± 2.45129.17 ± 8.936.23 ± 0.6429.17 ± 1.01DC319.33 ± 10.99^a^172.67 ± 15.09^a^290.00 ± 11.55^a^18.98 ± 2.73^a^35.00 ± 2.11D + EAF25179.83 ± 19.8381.17 ± 7.06^a^159.50 ± 15.7211.22 ± 1.2730.50 ± 3.56D + EAF50159.17 ± 24.0360.67 ± 3.35145.33 ± 15.649.52 ± 1.5227.50 ± 1.12D + GLI146.67 ± 10.5058.17 ± 4.52138.83 ± 8.3310.37 ± 1.8029.00 ± 0.93*ALP* alkaline phosphatase, *ALT* alanine aminotransferase, *AST* aspartate aminotransferase. The results are presented the mean ± SE for 6 rats in each group. *NDC* non-diabetic control, *DC* diabetic control, *D + EAF25* diabetic rats treated with ethyl acetate fraction 25 mg/kg b.w., *D + EAF50* diabetic rats treated with ethyl acetate fraction 50 mg/kg b.w., *D + GLI* diabetic rats treated with glibenclamide 10 mg/kg b.w. The results are considered significant when *p* \< 0.05^a^Compared with NDC

### Effects of EAF on MDA and GSH levels {#Sec42}

Diabetic rats (DC) showed significant increase in serum MDA level compared to NDC group (Fig. [6](#Fig6){ref-type="fig"}). Treatment with EAF (25 and 50 mg/kg) resulted in significant (*p* \< 0.05) reduction of serum MDA levels by 42.94% and 51.56% respectively as compared to the DC group, and the values of MDA in these groups were reversed to nearly normal as compared to the NDC group (*p* \> 0.05). The GSH level was significantly decreased in the serum of DC group compared to NDC group (Fig. [7](#Fig7){ref-type="fig"}). Significant increase in serum GSH level was observed in EAF group treated with higher dose (50 mg/kg) and increase of GSH level was 38.70% compared with DC group. The lower dose (EAF at 25 mg/kg) increased serum GSH level by 13.80% compared to DC group, respectively. Treatment with GLI exhibited a significant reduction of about 36.45% of MDA level, but did not significantly increase GSH level and there was about 18.94% increase of serum GSH level when compared with DC group. By comparison, more effective changes in both MDA and GSH activity were observed with EAF treatment than with that of glibenclamide.Fig. 6Effects of EAF on MDA levels in T2D rats. NDC: non-diabetic control; DC: diabetic control, D + EAF25: diabetic rats treated with ethyl acetate fraction 25 mg/kg b.w.; D + EAF50: diabetic rats treated with ethyl acetate fraction 50 mg/kg b.w.; D + GLI: diabetic rats treated with glibenclamide 10 mg/kg b.w. The results are considered significant when *p* \< 0.05. ^a^Compared with NDC, \*Compared with DC Fig. 7Effects of EAF on GSH levels in T2D rats. NDC: non-diabetic control; DC: diabetic control, D + EAF25: diabetic rats treated with ethyl acetate fraction 25 mg/kg b.w.; D + EAF50: diabetic rats treated with ethyl acetate fraction 50 mg/kg b.w.; D + GLI: diabetic rats treated with glibenclamide 10 mg/kg b.w. The results are considered significant when *p* \< 0.05. ^a^Compared with NDC, \*Compared with DC

### Effects of EAF on serum cytokine levels {#Sec43}

The serum pro-inflammatory cytokine (TNFα, IL-6, and IL-1β) levels were significantly increased in DC rats compared with NDC (Table [7](#Tab7){ref-type="table"}). However, these values were significantly (*p* \< 0.05) reduced and restored near to normal level in diabetic rats treated with EAF (25 and 50 mg/kg), indicating that EAF effectively reduced the levels of proinflammatory cytokines in NA-STZ induced T2D ratsTable 7Effects of EAF on serum cytokines and liver glycogen contents in T2D ratsGroupsTNF-α (pg/ml)IL-6 (pg/ml)IL-1β (pg/ml)LG (mg/g tissue)NDC28.93 ± 6.4889.17 ± 3.60475.97 ± 20.6415.57 ± 2.63DC122.60 ± 11.93^a^171.67 ± 8.33^a^1041.73 ± 43.71^a^6.26 ± 0.67^a^D + EAF2576.77 ± 12.65^b^116.94 ± 7.34^b^839.76 ± 25.63^b^10.11 ± 1.50D + EAF5059.10 ± 10.71^b^97.78 ± 5.59^b^590.97 ± 30.80^b^12.67 ± 1.83D + GLI70.10 ± 4.00^b^123.06 ± 10.18^b^570.67 ± 31.71^b^11.55 ± 1.82*TNFα* tumor necrosis factor-alpha, *IL-6* interleukin-6, *IL-1β* interleukin-1β, *LG* liver glycogen, *NDC* non-diabetic control, *DC* diabetic control, *D + EAF25* diabetic rats treated with ethyl acetate fraction 25 mg/kg b.w., *D + EAF50* diabetic rats treated with ethyl acetate fraction 50 mg/kg b.w., *D + GLI* diabetic rats treated with glibenclamide 10 mg/kg b.w. Results are considered significant when *p* \< 0.05^a^Compared with NDC, ^b^Compared with DC

### Effect of EAF on liver glycogen contents {#Sec44}

Glycogen levels in the liver were exhausted significantly (*p* \< 0.05) in NA-STZ treated rats (DC) and almost 60% of glycogen was lost when compared with NDC. Treatment with EAF and GLI increased hepatic glycogen accumulation, exhibiting values of glycogen similar to those of NDC group (Table [7](#Tab7){ref-type="table"}).

Discussion {#Sec45}
==========

*Brucea javanica* (L.) Merr is a well-known medicinal plant originated from tropical Asia. It is extensively used for the treatment of various diseases including diabetes in traditional medicine system among indigenous people in Malaya peninsula \[[@CR19]\]. However, chemical entities responsible for potential inhibitory effect of this plant against GP-α and α-glucosidase enzymes are yet to be recognized. Results from the present study demonstrated that EAF of *B. javanica* seeds exhibited significant concentration-dependent inhibition on both GP-α and α-glucosidase enzymes activity in vitro compared to *n*-hexane, chloroform, and water fractions indicating that compounds in EAF could be involved in activities of carbohydrate and glycogen metabolism. Hence, based on in vitro assay, EAF was selected for further study.

In this study, T2D was developed in SD rats after NA-STZ treatment, as characterized by hyperglycemia compared to untreated rats (NDC). Treatment with EAF to diabetic rats significantly reduced blood glucose levels, increased glucose tolerance during OGTT, and increased insulin levels compared to untreated rats (DC). These results indicated that EAF exert antihyperglycemic effect by inhibiting GP-α and α-glucosidase activity to enhance glycogen synthesis and slowdown digestion of carbohydrates, thereby improve regulation of glucose in diabetic condition.

The body weight lowering effect is often found to be associated with diabetic conditions. It was observed that during the experimental period, body weight of EAF treated rats were slightly decreased compared to initial date. To evaluate the decrease in body weight either caused by diabetes or EAF, markers for liver (ALP, ALT, and AST) and kidney (urea and creatinine) toxicity were measured. In T2D rats, serum ALP, ALT, AST, and urea contents were significantly elevated after NA-STZ treatment, but significantly decreased in EAF treated rats without alteration of creatinine levels, indicating that EAF did not cause any damage to the liver and kidney when treated up to 50 mg/kg b.w. Hyperlipidemia is one of the major factors linked with hyperglycemia due to insulin deficiency during diabetes and correlated with carbohydrate metabolism. Elevation of cholesterol and triglyceride levels in T2D demonstrates abnormal lipoprotein metabolism associated with hyperglycemia \[[@CR25], [@CR26]\]. As shown in Table [5](#Tab5){ref-type="table"}, serum TG, TC, and LDL contents were significantly increased, HDL content was decreased when experimental rats were made relatively insulin deficiency by NA-STZ treatment, but this entire abnormal lipid metabolism was restored to normal after EAF treatment. Interestingly, the T2D rats treated with EAF have significantly reduced TC and LDL contents and bring it to significantly lower level than that of NDC suggesting that α-glucosidase and GP-α inhibitors, mainly due to the presence of luteolin in EAF, may inhibit protein synthesis causing a decrease in the synthesis of the LDL protein and prevent cholesterol accumulation in T2D rats. Therefore, this phenomenon implies that decrease in body weight in EAF treated rats was not directly related to STZ toxicity or toxic effect accumulated during experimental period, and the weight lost in EAF treated rats were most probably due to the hypolipidimic effect of EAF.

As shown in Table [7](#Tab7){ref-type="table"}, The EAF caused a significant reduction of serum TNF-α, IL-6, and IL-1β levels elevated in NA-STZ treated rats. TNF-α was a pro-inflammatory cytokine to be associated with insulin resistance due to reduced tyrosine kinase activity \[[@CR27]\]. TNF-α and IL-6 can cause insulin resistance by suppressing expression of the insulin receptor substrate −1 (IRS-1) and GLUT-4 though activation of NF-~*K*~B pathway \[[@CR27], [@CR28]\]. The IL-1β inhibit IRS-1 signaling to promote insulin resistance \[[@CR29]\]. Therefore, the significant reduction of TNF-α, IL-6, and IL-1β by EAF treatment can be explained as an outcome of its beneficial anti-inflammatory effect.

It has been reported that hyperglycemia and/or reduced antioxidant capacity of the body in diabetic condition result in elevation of ROS and RNS and consequently increased oxidative stress \[[@CR30], [@CR31]\]. To evaluate the effect of EAF to suppress oxidative stress, serum GSH and MDA levels were measured. Significant decrease of GSH and elevation of MDA contents were observed in NA-STZ treated rats. Treatment with EAF had reserved activity of GSH approaching control level resulted in significant decrease in lipid peroxidation product MDA indicated that EAF abrogate oxidative stress by improving antioxidant mechanism in T2D rats.

The ability of liver to store glycogen is impaired due to lack of insulin or insulin resistance. It is often linked with enhanced activity of glycogen phosphorylase to improve glycolysis, ultimately, causes hyperglycemia \[[@CR32], [@CR33]\]. To evaluate effect of EAF on hepatic glycogen metabolism, glycogen contents in liver of treated and untreated rats were measured. As shown in table [7](#Tab7){ref-type="table"}, hepatic glycogen content was decreased with the decreased insulin content in NA-STZ treated rats (DC), and It was further restored due to EAF treatment indicating that antihyperglycemic effect of EAF may be due to the enhanced hepatic glycogen metabolism and improved insulin secretion from pancreatic β-cell in T2D rats.

In normal condition, starch was broken down to glucose by α-glucosidase after meals and utilized by cells as an energy source \[[@CR34]\]. Glucose was also generated by glycolysis between meals to maintain blood glucose homeostasis, and or stored as glycogen in the liver after meals by glycogenesis in response to elevated glucose concentration and neuroendocrine signals. Both glycolysis and glycogenesis are mediated by activities of GP-α activated by insulin \[[@CR35]\]. Hence, the inhibitors of these enzymes are vital molecular therapeutic targets for controlling hyperglycemia associated with T2D and its related complications. In present study, bioactivity-guided separation using various column chromatography methods have been adapted and led to isolated seven compounds from EAF of *B. javanica* seeds and all of the isolated compounds were tested for GP-α and α-glucosidase inhibition activity. As shown in table [2](#Tab2){ref-type="table"}, luteolin (5) was identified as the most potent inhibitor of GP-α and α-glucosidase enzymes followed by para-hydroxybenzoic acid (4), protocatechuic acid (6), and gallic acid (7). The vanillic acid (1) is ineffective to both GP-α and α-glucosidase due to the presence of methoxy group in its skeleton. Bruceine D (2) and bruceine E (3) did not show any GP-α and α-glucosidase inhibition activity indicating that the antidiabetic effect reported on these compounds \[[@CR19]\] may involve other mechanistic pathway. The literature revealed that luteolin inhibit α-glucosidase activity in vitro \[[@CR36]\], *para*-hydroxybenzoic acid increased hepatic glycogen content \[[@CR37]\], protocatechuic acid prevented inflammation and improved lipid metabolism by enhancing antioxidant mechanism in diabetic mice \[[@CR38]\], gallic acid exhibited antidiabetic effect by increasing insulin secretion from pancreatic β-cell \[[@CR39], [@CR40]\], prevented oxidative stress by reducing MDA content through enhancing antioxidant enzyme activity \[[@CR41]\], prevented proinflammatory cytokine generation \[[@CR42]\] in diabetic rats. All these reports further support on the findings on the compounds found in EAF from *B. javanica* seeds.

Conclusion {#Sec46}
==========

The EAF showed antihyperglycemic and antioxidant potential, and reduced the levels of pro-inflammatory cytokines in T2D rats. Our results indicated that the effects of EAF in T2D rats may be due to the presence of luteolin acted as potential α-glucosidase and GP-α inhibitors. Furthermore, it could also be a result of synergistic effect of *para*-hydroxybenzoic acid, protocatechuic acid, and gallic acid existed in *B. javanica* seeds acting on several processes. However, possible synergistic effects of these compounds are yet to be evaluated in vivo.
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